Introduction
============

The integration of microscale and nanoscale functional materials and structures synergistically combined in a single platform based on optical fiber technology creates unrivalled opportunities for the realization of advanced optical fiber devices. Specifically, the fabrication of nanostructures on optical fiber tips (OFTs) facilitates extraordinary light trapping and manipulation at the nanoscale, enabling the realization of compact optical systems and advanced OFT devices with smart characteristics that are suitable for various sensing purposes.

Optical fibers are well suited for sensing applications due to the intrinsic advantages associated with their use, such as remote operation capability, low intrusiveness and stability in harsh environments. The periodic patterns of the nanoscale structures can operate as miniaturized optical components and implement optical transduction mechanisms on a tiny spatial scale. The integration of periodic nanoscale structures onto OFTs enables the exploitation of cutting edge physical mechanisms arising from operating at subwavelength scale, as is the case of the excitation of photonic and plasmonic resonances, to provide ready-to-use substrates for surface-enhanced Raman spectroscopy (SERS).

Recently, the significant growth in the field of nanotechnology has made it possible to fabricate nanopatterns directly on OFTs. These efforts, which collectively focus on the fabrication challenges related to the use of optical fibers as an exclusive substrate for micro- and nanotechnologies^[@bib1]^, are often termed 'lab-on-fiber' technologies^[@bib2],\ [@bib3]^. In this new technological paradigm, a novel class of multifunctional optical fiber components and systems is envisioned, fusing nanotechnology, materials science, and optics.

The processes that are commonly used to fabricate micro- and nanopatterns on OFTs (that is, electron beam^[@bib4],\ [@bib5],\ [@bib6]^ and focusing ion beam lithography^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^) can precisely control the dimensions of the nanostructures. However, these methods require expensive instrumentation, and the related fabrication process is inherently time consuming.

In contrast, processes based on self-assembly represent an easier, quicker and cheaper option than nanolithography for the fabrication of regular micro- and nanopatterns^[@bib11]^. In addition, self-assembly methods can easily be scaled from a single fiber to a bundle of optical fibers, allowing the simultaneous creation of an ordered pattern on multiple fibers and paving the way for the mass production of OFT devices.

Some of the earliest attempts to use self-assembly techniques to decorate OFTs were motivated by their use as SERS probes and relied on surface roughness rather than on the presence of a regular pattern^[@bib1],\ [@bib12]^. For example, metal nanorods and nanoislands have been deposited on OFTs by evaporation, but in both cases, the degree of order achieved was quite low^[@bib13],\ [@bib14]^. Similarly, Stoddart *et al.*^[@bib15]^ evaluated the use of a simple 'dip and dry' method for producing periodic nanoparticle arrays on OFTs, which resulted in a combination of mono- and multilayer zones and inhomogeneous fiber coverage. Yap *et al.* arranged gold nanoparticle clusters on OFTs using an electrostatic self-assembly approach guided by a block copolymer template. Although this method yielded ordered clusters on a planar substrate, an attempt to reproduce the process on fibers resulted in close-packed but unordered gold clusters because of the insufficient ordering of the polymer template^[@bib16]^. In summary, the fabrication of periodic nanostructures on OFTs via self-organization remains challenging.

Our group previously reported a self-assembly method based on breath figure arrays for the fabrication of ordered nanostructures on OFTs^[@bib17]^. In this approach, under controlled conditions, the evaporation of a solvent from a polymer solution triggers the condensation of micrometric water droplets that self-assemble into a hexagonal lattice. The water then evaporates, and the droplet lattice leaves an ordered microporous pattern on the polymeric film. Using the optical fiber end facet as a substrate, we obtained sensing nanoprobes with definite metallo-dielectric porous surfaces.

However, major limitations of that approach were related to the size of the water droplets. It was difficult to obtain holes with a diameter of less than one micron, and the aspect ratio (the ratio between the hole radius and the pattern period) could not be easily controlled.

Thus, to overcome the issues of the previous method and to expand the set of self-assembly procedures for the realization of ordered nanostructures on OFTs, a pioneer study was conducted by our group to investigate the self-assembly of colloidal spheres^[@bib18]^ on OFTs. The key aspect of the proposed method relies on the formation of monolayer colloidal crystals (MCCs) of commercially available nanospheres of polystyrene (PS) at the interface between air and water (AWI)^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^. In our procedure, the MCC floating at the AWI is captured on the facet of an OFT. By successively applying additional fabrication steps based on thermal evaporation, plasma etching and sonication, different periodic structures are obtained. The preliminary investigation demonstrated the ability of the approach to produce ordered patterns of nanospheres on OFTs^[@bib18]^.

Starting with these promising results, here we study the possibility of adapting the nanosphere lithography^[@bib27]^ to fabricate repeatable patterns on OFTs^[@bib28]^. A careful experimental study has been conducted to optimize the operating conditions for each fabrication step. Focused ion beam microscopy (FIBM) and atomic force microscopy (AFM) have been exploited to assess the morphological structure of the patterns directly on an OFT. This study represents a thorough experimental analysis devoted to the identification and assessment of a simple and economical self-assembly methodology to create nano-templates on an OFT. A careful analysis was also conducted to investigate the ability of the proposed procedure to realize repeatable patterns on an OFT, which is a key requirement for new multifunctional photonics nanoprobes.

Finally, we demonstrate how the optimized process provides a valuable tool for the realization of fiber-optic SERS probes that outperform the prototypes demonstrated in our pioneering work^[@bib18]^.

Materials and methods
=====================

Instruments
-----------

Plasma etching was performed on a BOC Edwards Scancoat Six Sputter Coater (Crawley, UK) at \~50 W (3 × 10^−1^ mbar). An FEI Quanta 3D FEG dual beam instrument (FEI, Hillsboro, OR, USA), comprising a highly focused ion beam (FIB) and a scanning electron microscope (SEM), was used to analyze the morphology of the fabricated samples. AFM analyses were conducted with a NT-MDT NTEGRA instrument (Moscow, Russia) operating in semi-contact mode.

Fabrication procedure
---------------------

The concentration of commercial PS nanosphere suspensions (2.5 % wt in water, Polysciences Europe GmbH, Hirschberg an der Bergstrasse, Germany) was adjusted by precipitation in a micro-ultracentrifuge and resuspension in different volumes of 1:1 ethanol/water according to the sphere diameter. To optimize the MCC homogeneity, the final weight concentrations were set as follows: 200 nm microspheres at 8%, 350 and 500 nm at 10%, 750 nm at 15%, and 1000 nm at 6%. The hydroalcoholic colloidal solutions were sonicated for 2 min to break up the aggregates and were then slowly deposited on the surface of water using a 50 μl micro-syringe through a Si conduit plate ([Figure 1](#fig1){ref-type="fig"}). The conduit plate helped to mitigate sharp compression and to prevent the formation of nanosphere aggregates resulting from van der Waals forces. The plate was obtained by cutting a 6 × 20 mm^2^ piece from a standard Si wafer that was exposed to air plasma for 300 s to make its surface more hydrophilic and then stored in a 1:1 ethanol/water solution until use. During the nanosphere deposition, one edge of the conduit plate was kept immersed (≈2 mm) almost perpendicularly in a glass beaker filled with ultrapure water inside a confinement ring (a standard fluoroelastomer *o*-ring), which confined the MCC in a restricted area of the water surface. Because of the hydrophobic nature of its surface, the confinement ring induced a convex meniscus in the water, preventing the MCC islands from migrating and sticking to the walls of the beaker. The nanosphere suspension was released on the conduit plate at \~3 μl min^−1^. As soon as it reached the end of the plate, the suspension rapidly spread on the surface of the water, letting the nanospheres self-assemble in a close-packed array (CPA) and forming a floating MCC at the AWI. A 20--30 μl volume of nanosphere suspension was generally sufficient to fill a 4 cm diameter confinement ring with MCC, as shown in [Figure 1](#fig1){ref-type="fig"}, with a total deposition time of \~15--20 min. The precise volume and, consequently, deposition time, depended on the sphere diameter and on the floating yield. After the MCC was formed, it was transferred onto an OFT by dipping the fiber using tweezers into the same deposition beaker and gently lifting it toward the MCC island floating on the surface. The patterned OFT was then dried with a flow of nitrogen. The CPA structure of the OFT nanoprobe was obtained by covering the fiber with a thin gold coating (30--40 nm). Selective sphere removal was performed by immersing the patterned OFT in distilled water and sonicating in an ultrasound bath for a time ranging from 30 s for the 1-μm spheres to 5 min for the 200-nm spheres. This process formed the CPA--sphere removal (SR). To reduce the size of the reliefs, the OFT covered with PS nanospheres (before metallization) was exposed to air plasma for an amount of time that depended on the initial sphere size and the desired size reduction. Regardless of the total etching time, the plasma was switched off after 200 s of exposure, and the chamber was allowed to cool for a few minutes before starting the subsequent 200 s of treatment to prevent the temperature increase caused by etching from melting the PS. The metallization of these plasma-etched OFTs produced sparse array (SA) nanoprobes. The ultrasound bath treatment of the metallized SA patterns produced the SA--SR configuration.

Spectral characterization
-------------------------

The transmittance spectrum of the CPA sample was obtained by illuminating it with a supercontinuum white light source with a filter for the visible spectrum (SuperK Compact, NKT Photonics, Birkerød, Denmark) and collecting the transmitted optical power directly with an optical spectrum analyzer (Ando Electric, AQ6317C, Tokyo, Japan). The power transmitted through the sample was then normalized by the transmission of the same light source through an optical fiber patch cord.

SERS experiments
----------------

SERS measurements were performed with a commercial spectroscopic Raman system (Renishaw InVia, Gloucestershire, UK) with a 785-nm laser source. The excitation light was focused on the sample through a 50× objective lens (without going through the optical fiber), which was also used to collect the resulting Raman signals (see the schematics in the [Supplementary Information](#sup1){ref-type="supplementary-material"}, [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). Before each Raman measurement, the system was calibrated using a silicon standard at 520 cm^−1^.

OFT samples were soaked in 1-μM crystal violet (CV) for 3 h immediately before the SERS measurements. The SERS spectra acquisitions were performed on five random locations with an exposure time of 10 s. The locations were in the cladding area to guarantee proper spatial separation. The SERS spectrum at the geometric center of the fiber facet (fiber core) was also acquired. The repeatability of the measurements at the same location was verified. The baseline was subtracted from the spectra to eliminate the unwanted background and to facilitate data analysis.

Results and discussion
======================

Nanoprobe fabrication
---------------------

The proposed strategy for the development of multifunctional optical fiber nanoprobes requires the self-assembly of PS nanospheres with a predefined diameter at the AWI and the successive transfer of the resulting MCC onto an OFT. Compared with other nanosphere assembly approaches, such as capillary^[@bib29]^, sedimentation^[@bib30]^ and spin-coating deposition^[@bib31]^, assembly at the AWI has the following benefits: (i) water is an ideal deposition substrate because its surface is easy to clean by refreshing; (ii) MCC assembly takes only a few seconds; and (iii) the assembly requires minimal quantities of nanoparticles.

The idea of assembly at the AWI is adopted from the Langmuir--Blodgett procedure. In that technique, a solution of organic molecules dissolved in a non-polar solvent, such as dichloromethane or hexane, is spread over the surface of water^[@bib32]^. Similarly, in the AWI assembly approach, the nanospheres are deposited on water from a water/alcohol suspension. Ethanol is added to decrease the surface tension of the aqueous colloidal solution, thereby enhancing the spread of nanospheres on the water.

The assembly process is shown in [Figure 1](#fig1){ref-type="fig"}. As soon as the hydroalcoholic suspension of PS nanospheres is released onto the water surface, it rapidly spreads, creating a momentary alcohol--water bilayer. Consequently, the PS spheres are pushed by the spreading and evaporation of alcohol and are distributed over the water surface. The driving force of this process is related to the Marangoni effect; as the hydroalcoholic PS colloidal solution contacts the water surface, strong Marangoni forces are formed, pushing the colloidal particles to disperse rapidly outward from regions with low surface tension until they cover the whole surface of the water bath. Within a few seconds, some of the ethanol evaporates, and the remainder mixes with the water. Thus, most of the nanospheres are left floating on the water surface and start to self-assemble through capillary forces and collective motion. To obtain a high-quality assembly, it is important that only a small fraction of the nanospheres sink in the water and fail to participate in MCC formation. Therefore, an appropriate concentration for each nanosphere suspension, as reported in the previous section, is crucial to the formation of the MCC at the AWI.

After the MCCs form (shown in the photograph in [Figure 1](#fig1){ref-type="fig"}), they are transferred onto an OFT. During this step, the main difficulty is the size of the collecting substrate, that is, the facet area of a standard monomodal fiber (125 μm in diameter) is too small to collect a portion of the MCC without damaging it. To solve this problem, we use an OFT embedded in a ceramic ferrule (similar to those used in standard fiber connectors), which gives the OFT a wider exposed surface (2.5 mm of diameter) than the pristine fiber, enhancing the ease of handling in all steps of the patterning process. Hence, we can successfully collect the assembled spheres on the modified OFT by dipping the fiber in the water reservoir used to prepare the assembly and then gently lifting it toward the MCC island floating on the surface. When a portion of the MCC comes into contact with the optical fiber face, it sticks because of the hydrophobicity of the PS spheres; thus, the MCC can be dried under a gentle nitrogen flow without breakage. When the water evaporates, the PS spheres assemble together in a close-packed hexagonal pattern through capillary motion and become tightly attached to the fiber by electrostatic and van der Waals attractive forces.

Although this operation was performed manually by dipping and lifting a single OFT with tweezers, it could be easily scaled-up by simultaneously dipping a large number of optical fibers. Because very large MCCs can theoretically be fabricated by enlarging the surface area of the deionized water, in principle, the number of fibers that can be processed simultaneously is not limited; thus, this process is well suited for industrial production.

To manufacture different structural motifs and to explore various possibilities for obtaining periodic patterns on the OFTs, we manipulated the MCC-decorated fibers, as shown in [Figure 2](#fig2){ref-type="fig"}. After collecting an MCC on the fiber, further treatment (gold coating, plasma etching and sonication) was applied to obtain structures with different features.

Specifically, by depositing a thin metallic layer (that is, gold) onto the fiber/MCC assembly by thermal evaporation, we obtained a metallo-dielectric crystal (which resulted in the simplest case of CPA). After this treatment, the resulting OFT shows a bright iridescence caused by the Bragg reflection of ambient light through the OFT patterns, as shown in the digital photograph in [Figure 2](#fig2){ref-type="fig"}. The immersion of the OFT in water and successive ultrasound treatment leads to SR, and an ordered pattern of metallic triangles shaped as a six-point star (CPA--SR) is left on the fiber. Alternatively, exposing the fibers covered with nanospheres (before metallization) to oxygen plasma conveniently decreases sphere diameter. This treatment makes it possible to tune the size of the spheres assembled on the OFT without changing the patterning period. A metallo-dielectric SA of reliefs is obtained by metallizing these fibers. Then, after metal coating, the plasma-etched nanospheres can be polished off the OFT by immersion in an ultrasound bath, yielding a porous gold mask (SA--SR).

To investigate the feasibility of this approach for fabricating metallo-dielectric periodic patterns on optical fibers, we used PS spheres with five diameters: 200, 350, 500, 750 and 1000 nm. This size range was selected so that the resulting periodic arrays featured subwavelength dimensions, which are interesting for the development optical fiber sensors operating in ultraviolet-visible and infrared wavelengths.

For each sphere diameter, we fabricated an MCC assembly on an OFT. We obtained a CPA of metallo-dielectric spheres by metallization with a thermally evaporated 30--40 nm gold layer. As shown in [Figure 3](#fig3){ref-type="fig"}, this procedure decorated the OFT with highly ordered MCCs, regardless of the sphere size, except for those spheres with a diameter of 200 nm, which resulted in some irregularities. The AFM profiles (insets in [Figure 3](#fig3){ref-type="fig"}) confirm that the surface morphology of the fiber facet was modified with well-defined periodic patterns because of the presence of gold-coated nanospheres.

To selectively remove the spheres while leaving the gold pattern on the fiber surface, the patterned OFT was immersed in distilled water and sonicated in an ultrasound bath.

[Figure 4](#fig4){ref-type="fig"} shows the periodic patterns obtained after executing the steps to achieve CPA--SR for the various sphere sizes. The triangular gold structures of the samples are not interconnected; their spatial arrangements depend on the dimensions of the nanospheres used to prepare the MCCs, whereas their heights depend on the thickness of the gold layer that was thermally evaporated onto the spheres. For example, for the 200-, 500- and 1000-nm spheres, the average measured triangle sides were 80, 150 and 280 nm, respectively, and their heights after depositing a 30-nm layer of gold were \~30 nm. Consequently, the aspect ratio of the three-dimensional periodic nanostructures also varies considerably, with the smallest period corresponding to the highest aspect ratio (≈ 0.3).

Another configuration (SA) was obtained by applying plasma etching pretreatment to the MCC on the fiber tip before metallization. The period of the SA pattern is determined by the pristine nanosphere diameter, whereas the final size of the reliefs depends on the etching time. To decrease the size of the nanospheres, the OFT can be exposed to air plasma.

[Figure 5](#fig5){ref-type="fig"} presents the FIBM images of the sample obtained by exposing fibers covered with 1000-nm MCC to 600 s of air plasma etching and then evaporating the gold layer, as for the previous samples. As indicated by the top views of the fiber in panels a and b, plasma etching considerably reduced the diameter of the spheres, producing a wide gap surrounding the metallo-dielectric reliefs. The period of the pristine MCC was maintained in this periodic structure, resulting in an array with a period of 1000 nm, whereas both the height and the diameter of the reliefs decreased to \~600 nm.

The tilted FIBM view (at an angle of 52°) and its zoomed detail (panels c and d) confirm that the plasma etching of the PS spheres is anisotropic, as previously reported by Akinoglu *et al.*^[@bib33]^. This leads to a considerable change in the relief shape, that is, from a sphere to a spheroid particle with a biconvex form, as shown in the sketch. The degree of anisotropy becomes increasingly evident as the etching time increases. The lateral surfaces of these biconvex reliefs have a groovy nanostructure, which may contribute the optical response of these types of periodic patterns.

The last type of structure is obtained starting from the SA pattern. As shown in [Figure 6](#fig6){ref-type="fig"}, treating the SA fibers in an ultrasound bath resulted in complete removal of the particles, leaving a hexagonally ordered, nanoporous gold array on the fiber surface, as expected for the SA--SR fabrication route. Samples of SA-patterned fibers obtained from 500- and 1000-nm spheres are in panels a and e, respectively, and panels b and f present the corresponding SA--SR samples. The AFM section profiles of both samples reveal that the periods of the pristine MCCs (500 and 1000 nm) are maintained and that the diameters of the holes are \~250 and 500 nm, respectively, as determined based on the gold layer thickness (≈40 nm, [Figure 6c and 6d, 6g and 6h](#fig6){ref-type="fig"}). In summary, we systematically investigated the possibility of adopting and modifying the nanosphere lithography of optical fibers, that is, the fabrication substrate, and obtained different structures on OFTs. All these periodic structures have already been demonstrated using planar substrates and can generally be used in various operational conditions^[@bib18]^. Nevertheless, we demonstrated for the first time that this level of precision can also be achieved on OFTs using a self-assembly approach and simple instrumentation that is available in most laboratories.

Even though the nanoprobes feature regular and well-ordered patterns, the method still suffers from the formation of defects. To provide a picture of the process yield, we analyzed 10 CPA samples fabricated with 1000-nm diameter PS nanospheres. Among them, three were discarded after an initial visual inspection by AFM because they presented several agglomerates of spheres, breaking the regularity of the pattern (see [Supplementary Fig. S2a](#sup1){ref-type="supplementary-material"}). The retained samples exhibit regular structures on the fiber tip with a certain degree of defects remaining, leading to poor repeatability (AFM images of representative samples are shown in [Supplementary Fig. S2b](#sup1){ref-type="supplementary-material"}). The presence of defects indicates that the process requires further improvement to ensure sufficient repeatability, especially as the described procedure involves several manual steps, which are considered the main source of uncertainty.

Process optimization and reproducibility assessment
---------------------------------------------------

To improve our fabrication method aimed to integrate self-assembled nanopatterns onto OFTs, it is necessary to avoid manual steps and to introduce highly controlled stages to ensure a high process yield rate and to improve the repeatability. To discriminate between human errors and process faults, we fixed the main sources of uncertainty in the fabrication process, which are mainly related to the nanosphere deployment onto the water surface and to the final transfer step. In this experimental stage, the deposition rate was controlled by using a syringe pump, and the fiber lifting was performed using a mechanical lever.

To verify the improvement with respect to the previous manual approach, we fabricated ten CPA samples with a diameter of 1000 nm and analyzed the resulting morphology by AFM. The fabrication of the CPA samples involves the formation of the MCC at the AWI and its transfer onto a fiber tip, so it is representative of the most critical steps of the proposed fabrication route.

In addition, to investigate the capability of the proposed procedure to produce homogeneous and repeatable patterns on the optical fiber, we selected SA as benchmark, which compared with the CPAs samples requires an additional fabrication step (that is, sphere reduction) that could potentially affect the pattern regularity. In this way, by analyzing the morphology of the SA samples, we could analyze the repeatability of all critical fabrication steps. Thermal evaporation and sphere removal via sonication are effective fabrication processes and are not considered critical steps in the overall fabrication route. Finally, spectral analysis provides an understanding of the real impact of the observed morphological differences on the resulting device for both CPA and SA samples.

According to this approach, we repeated the assembly at the AWI using the 1000-nm spheres 10 times and then transferred a portion of the obtained MCC onto 10 fibers to obtain, via gold thermal evaporation, 10 CPA nanoprobes.

The AFM morphological analysis of the CPA samples reveals that the replacement of the manual steps with controlled stages significantly improves the fabrication process, leading to a very high success rate, albeit evaluated on a limited number of samples. All the samples featured regular and well-defined patterns of nanospheres that are interrupted by only small and isolated defects. Specifically, to quantify this characteristic, we systematically analyzed the morphology of the 10 fibers by AFM scans over a 50× 50 μm^2^ area in the center of the fiber tip (which includes the fiber core) and compared the results with similar samples obtained by the manual approach.

On the basis of the number of defects or the surface area covered by defects, the optimized process presents a clear improvement over the manual process demonstrated in our pioneering study. A detailed analysis of the AFM images is reported in [Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}. Overall, the results reveal an average defective area of 0.5% by the optimized process, while a defective area of 1.5% was obtained (for the retained samples) by the manual process.

To analyze how the remaining defects affect the optical properties of the final structure, we recorded the transmittance spectra, displayed in [Figure 7](#fig7){ref-type="fig"}, which indicate good repeatability.

The spectra exhibit two repeatable resonances, as absorption dips, at 620 and 800 nm. A similar transmittance spectrum was obtained in our previous work^[@bib18]^ with a 1000-nm CPA sample, but it exhibited only the 800-nm resonance, severely smoothed. The improvement in the sharpness of the plasmonic resonances can be attributed to the assessed fabrication process.

For the SA sample, we replicated the fiber probes with 1000-nm MCCs five times, following the fabrication route described for the CPA nanoprobes. Then, the fibers were exposed to 400 s of plasma etching and were metallized to produce five SA fiber tips under the same conditions.

The SEM micrographs of the OFTs were processed using ImageJ software^[@bib34]^ to perform a grain analysis. Each image was adjusted by adjusting the 'Brightness/Contrast' and 'Window/Level' controls, and the threshold was regulated to produce binary images and a coherent mask of nanospheres.

To evaluate the homogeneity of the plasma size reduction on a single probe, we analyzed the same fiber in three spatial positions. The corresponding histograms showed reproducible diameter distributions, with an average value close to 828 nm ([Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}) and a standard deviation of 4 nm, corresponding to a coefficient of variation close to 0.5%.

After the homogeneity within the sample was assessed, we evaluated the uniformity among the batch of samples in terms of the diameter and interparticle distance of the nanostructures. To this aim, the SEM images shown in [Figure 8a](#fig8){ref-type="fig"} were compared using the procedure described above. A summary of the obtained data is reported in [Table 1](#tbl1){ref-type="table"}. As indicated by the distribution histograms in [Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}, the particle diameter was uniformly reduced by the plasma treatment compared with the pristine CPA 1000-nm array. The average diameter was 834±9 nm, whereas the average interparticle distance was 166±9 nm. These results produced a coefficient of variation close to 1.1%, which was similar to the coefficient of variation at the probe level.

To evaluate the effect that this level of repeatability has on the optical properties, we recorded the transmission spectra of the SA nanoprobes, which are displayed in [Figure 8b](#fig8){ref-type="fig"}. The plots indicate satisfactory overlapping of the five curves, with two main adsorption dips at \~650 and 800 nm. These results match the low coefficients of variation found by the morphological analysis, confirming the good reproducibility of the process steps.

SERS measurements
-----------------

On the basis of the literature, we can envisage that the fabricated structures, if properly dimensioned, could be used for various sensing applications. Periodic metallic and metallo-dielectric patterns, if properly designed, can support surface plasmon resonance and/or localized surface plasmon resonance. When properly designed for specific wavelengths, these resonant features are spectrally evident and, in the electric field distribution, correspond to strong field localization at the boundaries of subwavelength-sized metallic structures. This superficial field enhancement yields resonant features that are strongly sensitive to local modifications in the external environment^[@bib35],\ [@bib36]^, so they can be exploited for both chemosensing and biosensing applications. Similarly, SERS probes fabricated on OFTs potentially enable remote and *in situ* detection of molecules adsorbed onto the sensor surface^[@bib16],\ [@bib37]^.

As a proof of concept, we demonstrate that our patterned tips can act as efficient SERS nanoprobes.

SERS efficiency is dependent on the plasmonic resonance of metallic nanostructures. Specifically, when the resonant wavelength of the nanostructure is between the wavelength of the Raman signal and the excitation wavelength, stronger SERS enhancement is obtained^[@bib38]^. Consequently, we selected one of the CPA samples (CPA3 in [Figure 7](#fig7){ref-type="fig"}) with a dip at \~800 nm in the transmittance spectrum as a representative sample because this value is close to the excitation wavelength, that is, 785 nm, of the Raman spectroscopy instrument that we used ([Figure 9a](#fig9){ref-type="fig"}).

As a benchmark, we used CV, a common dye, as a target molecule to test SERS substrates in both planar and fiber configurations^[@bib16],\ [@bib39],\ [@bib40],\ [@bib41],\ [@bib42]^. The SERS measurements were performed following the procedure described in Yap *et al.*^[@bib16]^. We prepared the SERS probes by soaking the fiber tip in 1-μM CV for 3 h. Then, we focused the 785-nm excitation light on the CPA sample using a 50× objective lens. The scattered signal was collected by the same objective. The resulting SERS spectra related to the core and to the cladding regions of the tip are similar and are shown in [Figure 9b](#fig9){ref-type="fig"}, confirming the ordered and regular pattern over the fiber tip. In addition, the Raman signals from the CV vibrational modes at 915, 1190, 1385 and 1617 cm^−1^ (Refs [@bib43], [@bib44]) are clear, despite the very low CV concentrations used in our experiment.

The detection performance overwhelms the results obtained in our preliminary report^[@bib18]^. Despite using the same operating conditions, the Raman intensity doubled, and this performance improvement was enabled by the optimized fabrication process and the resulting sharp and well-defined plasmonic resonances.

Furthermore, the detection capability of our CPA probe is comparable to similar works related to SERS substrates using CV as a benchmark. In [Table 2](#tbl2){ref-type="table"}, we present some representative results^[@bib16],\ [@bib40],\ [@bib41],\ [@bib42],\ [@bib43]^ for both the planar and fiber configurations, highlighting the structure under investigation, the fabrication process involved and the detected CV concentration.

A straight comparison can be made with Ref. [@bib16], which used the same measurement methodology. The authors used a self-assembly process to obtain nanoparticle cluster arrays on the fiber tip and were able to detect 1-μM CV.

Similarly, in the work of Liu *et al.*^[@bib39]^, optical fiber SERS probes, composed of a porous polymer enriched with silver nanoparticles were fabricated at the terminal end of optical fibers. In this study, appreciable Raman intensity signals were observed for 0.1-μM CV, and clearly distinguishable peaks were observed only at higher concentrations (that is, 1 μM of CV).

Using SERS substrates in the planar configuration, Meng *et al.*^[@bib40]^, with a SERS substrate featuring (disordered) silver colloids, detected concentrations as low as 0.1-μM CV. Ouyang *et al.*^[@bib41]^ synthesized a SERS substrate by fixing silver onto magnetite particles and detected 2.4-μM CV, whereas Bouvrée *et al.* used a planar substrate patterned and covered with Au nanoparticles to detect 1-μM CV^[@bib42]^.

These results indicate that despite the advantages of using large planar substrates, the mentioned features are similar to those obtained in our case, where self-assembly is performed on the fiber tip.

The rigorous assessment of the probe performance for SERS applications requires a reliable estimation of the enhancement factor (EF) via estimation of the number of molecules contributing to the enhancement of the Raman signal^[@bib45]^. Different experimental practices affect the molecule collection on the SERS substrate, so the detection capability, albeit a reasonable indicator of the SERS substrate quality, is not directly and quantitatively related to the EF. Specifically, in our measurements, careful quantification of the EF would require a reliable estimation of the surface density of the CV molecules on the samples, which is currently the subject of investigation.

Our effort in this study was not specifically focused on producing optimized SERS probes, but there is an optimization margin acting on the geometric features of the fabricated probes. In this stage, we mainly devoted our attention to the assessment and optimization of the fabrication process, which is a fundamental step to enable the realization of reproducible SERS substrates on OFTs, using a low-cost procedure. Nevertheless, these experimental results demonstrate that nanosphere self-assembly represents a valuable approach to produce regular nanostructures on OFTs, which could be exploited for various sensing applications.

Conclusions
===========

We demonstrated that nanosphere lithography can be used to efficiently decorate OFTs with various periodic structures with sub-micrometric feature size and low fabrication cost. The proposed technique relies on the self-assembly of PS spheres at the AWI and their subsequent transfer to an OFT. The application of additional fabrication steps of thermal evaporation, plasma etching, and sonication generated four structural motifs (CPA, CPA--SR, SA and SA--SR), which were formed directly on the OFT and gave rise to four different metallo-dielectric periodic patterns. Plasma etching produced an anisotropic size reduction of the spheres, resulting in shape modifications that could be exploited to develop unexplored optical structures. This process worked with different sphere sizes within the dimensional limits of the optical fiber. AFM and FIBM morphological investigations of the OFTs established the efficacy of our nanopatterning procedure to form regular and well-ordered patterns. The reproducibility of the fabrication process was verified by the fabrication of different samples with the same nominal features. Morphological and spectral analyses confirmed the high reproducibility of the implemented fabrication steps. In addition, SERS measurements performed with one of the fabricated probes revealed that optical fibers patterned by this approach can be used for sensing applications. The detection capability of the SERS probe was comparable to similar works using both planar and fiber configurations with CV as a benchmark.

To the best of our knowledge, this study is the first report of a SERS signal observed using a periodically nanostructured fiber-probe surface patterned by a self-assembly process.

In conclusion, we believe that the straightforward nanofabrication approach proposed here is an easy method for patterning optical fibers with high precision at low cost and has potential applications in the field of 'lab-on-fiber' technology.

Note: [Supplementary Information](#sup1){ref-type="supplementary-material"} for this article can be found on the *Light: Science & Applications\'* website(http://www.nature.com/lsa).
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![Schematic of the nanosphere assembly process and photograph of MCC islands (green blotches) floating on water.](lsa2016229f1){#fig1}

![Schematic representing the fabrication procedure for creating different fiber tip nanoprobes and SEM images (scale bar=3 μm) of real samples obtained using 1-μm nanospheres, corresponding to each geometric feature: CPA, SA and SR. A digital picture of a fiber tip showing an iridescent nanopattern is also shown.](lsa2016229f2){#fig2}

![(**a**--**e**) FIBM and AFM (inset) images of OFTs patterned with CPA metallo-dielectric nanospheres with diameters of 200, 350, 500, 750 and 1000 nm. Scale bars=2 μm. (**f**) AFM section profiles of the same samples from the top (200 nm) to bottom (1000 nm). Figure reprinted with permission from Pisco *et al.*^[@bib18]^.](lsa2016229f3){#fig3}

![FIBM micrographs (**a**--**c**, **e**, **f**) and AFM three-dimensional image (**d**) of fiber tips patterned with CPA--SR gold structures. The periods are 200 (**a**), 350 (**b**), 500 (**c**), 750 (**e**) and 1000 nm (**d**, **f**). The FIBM scale bars are 1 μm.](lsa2016229f4){#fig4}

![Top (**a**, **b**) and tilted (**c**, **d**) FIBM views showing the PS spheres after size reduction (SA patterns) and a sketch of the anisotropic etching of a spherical particle (**e**). Scale bars=3 μm.](lsa2016229f5){#fig5}

![Fiber tips with SA patterns before (**a**, **e**) and after SR (**b**, **c**, **f**, **g**). The nanostructures were obtained starting with 500 (**a**--**d**) and 1000 nm (**e**--**f**) MCCs. (**d**, **h**) Section profiles measured along the light lines drawn in the AFM scans shown in **c** and **g**, respectively. Scale bars=3 μm.](lsa2016229f6){#fig6}

![Transmittance spectra of the CPA nanoprobes produced with 1000 nm microspheres.](lsa2016229f7){#fig7}

![(**a**) SEM micrographs of five repeats of the SA nanoprobe prepared using 1000-nm PS spheres. The scale bars in the SEM images are 5 μm. (**b**) Overlapped transmission spectra of the five SA nanoprobes.](lsa2016229f8){#fig8}

![(**a**) Transmittance of the CPA sample with a sphere diameter of 1000 nm. (**b**) SERS spectrum obtained from 1-μM CV solution by illuminating the cladding (in blue) and core zones (in red) of the CPA sample.](lsa2016229f9){#fig9}

###### Grain analysis results on five SA nanoprobes

         Average diameter (nm)   Average interparticle closest distance (nm)
  ----- ----------------------- ---------------------------------------------
  SA1             833                                167
  SA2             823                                178
  SA3             828                                172
  SA4             841                                159
  SA5             846                                154

###### Comparison of SERS substrates using CV as a benchmark

  Structure characteristics                           Operating mode     Fabrication/preparation methods                                                        Target analyte (detection concentration)    References
  --------------------------------------------------- ------------------ -------------------------------------------------------------------------------------- ------------------------------------------ ------------
  Porous polymer enriched with silver nanoparticles   Fiber tip          Thermal polymerization followed by photochemical silver nanoparticle growth            CV (10^−7^ M)                                [@bib39]
  Nanoparticle cluster array                          Fiber tip          Block copolymer self-assembly                                                          CV (10^−6^ M)                                [@bib16]
  Uniform silver colloids                             Planar substrate   Silver colloid reduction with sodium citrate                                           CV (10^−7^ M)                                [@bib40]
  Silver/magnetite nanoparticles                      Planar substrate   Fe~3~O~4~: ultrasonic reverse co-precipitation method Ag: assisted chemical reaction   CV (2.4 × 10^−6^ M)                          [@bib41]
  Nanostructured and nanopatterned gold surfaces      Planar substrate   Electron beam lithography, AuNP solution soaking                                       CV (10^−6^ M)                                [@bib42]
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